Abstract The objective of this paper is to develop a spatial temporal regional modeling of local rainfall patterns effect on the plant cover slopes in Hulu Kelang area. Rainfall interception, tree root cohesion, and tree surcharge were considered as main plant cover effects on the slope stability. In this regard, an improved version of the Transient Rainfall Infiltration and Grid-based Regional Slope stability model (TRIGRS) was performed using Microsoft Excel Ò and GIS framework system for coupled hydrological-mechanical modeling of rainfall-induced landslide by incorporating plant cover effects. The infiltration process of the improved model was integrated with the precipitation distribution method and rainfall interception approach while the slope stability analysis of TRIGRS model was replaced with the improved analysis with consideration of root cohesion and tree surcharge. In the following, the spatial temporal analysis of slope failures was performed using the monthly average rainfall during two different monsoon seasons of 2008 and 2009 for triggering shallow slope failure in Hulu Kelang area. The corresponding changes in pressure head and consequent water table depth were calculated during two monsoon seasons. Subsequently, factor of safety is computed using local rainfall patterns, along with root coefficient and tree surcharge in the study area. The results showed the plant-covered slopes are inducing an overestimation of the slope failure susceptibility using existing TRIGRS model, while the improved model resulted that less landslide susceptible areas were more representative of the actual stability conditions of the slopes at the study area.
Introduction
Slope failures and related casualties are regarded as a major natural disaster worldwide as they degrade the productivity of soils, harm people, and damage property. Landslide losses in all parts of the world are likely to increase continuously, as growing population, combined with the need to protect natural and agricultural areas, presses human developments ever closer to unstable slopes. The only way to reduce such losses is to develop a better understanding of landslide processes and more reliable techniques of predicting their potential effects and designing remedial or protective measures (Saadatkhah et al. 2014a ).
Every year during monsoon rainfall periods, several news of landslides and related casualties are reported from different parts of Malaysia. Especially in recent decades, a series of landslides has occurred in Malaysia (Pradhan and Lee 2010) . Studies of slope failure in Malaysia (Osman and Barakabah 2006) have shown that there is a significant relationship between plant cover density, residual soil water content and ultimately slopes stability. In other words, slope failures in unsaturated residual soils are often susceptible to rapid catastrophic slope failures which are induced by rainwater infiltration, plant cover change, and residual soil formation (Rahardjo et al. 2004; Yalcin 2008) .
Plants on a slope can affect slope stability in many different ways, i.e., canopy interception loss, evapotranspiration, root cohesion, root reinforcement, leaf drip, stem flow, hydrologic conductivity, and tree surcharge (Wilkinson et al. 2002) . The hydrological and mechanical effects of roots on slope stability were widely defined by Gray and Sotir (1996) and Stokes et al. (2008) . Tree strengthened soil stability offers increased soil cohesion through the mechanical resistance of roots in tension and root friction with soil particles. Hydrologically, the interception loss of rainfall decreases the amount of infiltration of water by the canopy. Canopy influence on slope stabilization has been studied in a significant number of researches (Isselin-Nondedeu and Bedecarrats 2007) .
A significant amount of study quantifying the calculation of the transient rainfall infiltration effect on slope failure with slip surfaces orientated parallel to the slope surface and evaluation of the potential of a slope failure event on a regional scale, i.e., LISA (Hammond et al. 1992) , SHALSTAB (Montgomery and Dietrich 1994) , CHILD (Tucker et al. 1999) , CHASM (Wilkinson et al. 2002) , TRIGRS (Baum et al. 2002) , Geo-Slope (Geo-Slope 2007), Unsaturated TRIGRS , and so on exists. However, limited research (Bathurst et al. 2010) has been dedicated to a quantitative evaluation of regional slope failure based on the contribution of plant cover. Therefore, assessing the contribution of plant cover to slope failure is important to evaluate regional-scale rainfall-induced landslides.
In this study, transient rainfall infiltration and grid-based regional slope stability (TRIGRS) as a USGS landslide prediction model, coded in Fortran, was employed to calculate the slope stability using local rainfall pattern data, especially in areas where a residual soil profile has formed over a bedrock interface (Rahardjo et al. 2004; Saadatkhah et al. 2015a ). Subsequently, the existing TRIGRS model was revised and improved based on Microsoft Excel and GIS software for coupled hydrological-mechanical modeling of local rainfall pattern effect on the plant cover slope in the study area. Finally, an improved model with consideration of plant cover effects is used to form a comparative analysis between the existing TRIGRS model and the improved model. The modeling processes are described in detail in the following sections. The analysis of local rainfall pattern-induced slope failures in the study area showed the plant-covered slopes are inducing an overestimation of the slope failure susceptibility using existing TRIGRS model, while the improved model resulted that less landslide susceptible areas were more representative of the actual stability conditions of the slopes at the study area.
Materials and methods
Overview of modeling framework TRIGRS (Transient Rainfall Infiltration and Grid-Based Regional Slope Stability) model is an engineering regional modeling of slope stability over broad areas recognized with one-dimensional, finite or infinite slope stability analysis applied over digital elevation modeling (Baum et al. 2002 (Baum et al. , 2010 Savage et al. 2004; Salciarini et al. 2006; Godt et al. 2008; Saadatkhah et al. 2015b ). However, the existing TRIGRS model does not consider tree effects on the slop stability. Therefore, in this paper, the TRIGRS model was revised and improved by incorporating the effect of vegetation canopy density on the plant-covered slopes.
The improved TRIGRS method was performed using Microsoft Excel Ò and GIS framework system for additional plant cover equations. Figure 1 represents the flow diagram of TRIGRS model and the improved TRIGRS model to perform slope stability analysis on a regional scale. The improved model was applicable based on four major components; precipitation distribution method, rainfall interception loss model, rainfall infiltration analysis model, and the revised slope stability analysis model. The input data were converted into a grid-based framework with information for each cell assigned (e.g., terrain data, slope geometry data, soil mechanical properties, rainfall information, and plant cover data). All input layers were acquired by the GIS database system. For each parameter used in the model, a map was generated at the same gridbased (10 m 9 10 m) and raster format.
Rainfall distribution model
Altitude affects precipitation trend through a number of mechanisms, such as enhancing both the chances of precipitation over hills and the rate of rainfall when it is occurring (Sasi et al. 2007; Haiden and Pistotnik 2009; Lundquist et al. 2010; Saadatkhah et al. 2014b) . The rate of rainfall in Malaysia is measured at a series of precipitation measurement network points. However, measurement gauges are not available in all locations especially in the mountainous areas. Therefore, a reliable method is required to predict the precipitation rate at the study area. Relationship between precipitation and altitude as dependent variable can be modelled using conventional ordinary least squares (OLS) and geographically weighted regression (GWR). In statistics, OLS method is used for estimating the unknown parameters in a linear regression model (Propastin and Kappas 2008; Saadatkhah et al. 2014b ). This method minimizes the sum of squared vertical distances between the observed data and the prediction results by linear approximation. GWR method as the local regression model computes the relevance between spatial variables separately for every point of area (Saadatkhah et al. 2015a) . In this study, the GWR method was performed to correlate the total average monthly rainfall, altitude, and monsoon directions.
In this section, we suggest and exemplify a direct approach to handling this problem of spatial non-stationarity based around the idea of a local statistic (Unwin 1996) . In geographically weighted regression (GWR; Brunsdon et al. 2001) , we considered the stability of the coefficients C 0 as the precipitation at sea level (mm) or flat area, C 1 as the dimensionless rate of increase in rainfall with altitude in study area, or height coefficient (mm/m), and C 2 as the change of rainfall with slope aspect under the effect of two monsoons over space. As our review of the literature, in the case of orographic enhancement it is incorrect to hold that the same linear relationship is appropriate in all places. Retaining the same linear model, we can allow its three parameters, C 1 and C 2 constant and precipitation at sea level to change, or 'drift', over space. In other words, if (x, y) is a coordinate pair, the simple linear model, usually fitted by ordinary least squares (OLS) methods can be defined as Eq. (1):
where P Mon is the rate of monthly precipitation (mm), E is the station altitude (m), A is aspect of that station. All terms in the Eq. (1), including P Mon , E and A, are a function of geographical coordinates (x, y).
The monthly average rainfall data at flat areas are tabulated based on measurement gauges of the Department of Irrigation and Drainage Malaysia (DID) in Fig. 2 . To map monthly precipitation data, coefficients C 1 and C 2 were calculated by the GWR method as 0.269 and 0.01, respectively, for each month in 2008 and 2009 (Saadatkhah et al. 2014b (Saadatkhah et al. , 2015a . The average monthly rainfall during two monsoons was used to produce the monthly precipitation map based on the rainfall measurement points and the obtained non-stationary points of OLS model. Figure 3 presents the average and cumulative monthly rainfall measured during two monsoon seasons in 2008 and 2009 based on station points and GWR results near failure zones in the study area.
Rainfall interception loss based on leaf area index (LAI)
Interception loss refers to rainfall that does not reach the ground, but is instead intercepted by the leaves and branches of plant cover and the forest floor. It occurs in the canopy, and in the forest floor or litter layer (Gerrits et al. 2010) . Leaf area index (LAI) plays an essential role in theoretical production ecology. An inverse exponential relation between LAI and light interception, which is linearly proportional to the interception rate, has been established:
where P is the precipitation and C is a crop-specific growth coefficient. Several models have been developed to apply empirical equation based on relationships between LAI and leave to ground gaps typically expressed in the form of vegetation indices such as Grid cells method. Canopy interception method was based on Lawrence and Chase (2007) and is currently determined as the precipitation arriving at the vegetation top which is either intercepted by foliage, or falls directly through the leaf gaps to the ground. The water intercepted by the canopy in a model time step (mm) is:
where 0.25 is implemented to scale the parameterization of interception from point to grid cells (Lawrence and Chase 2007) . The scaling factor reflects the total fractional area of a leaf that collects water. Lawrence and Chase (2007) reduced canopy interception, and therefore canopy evaporation, by reducing the tuning parameter from 1.0 to 0.25, a value that more realistically reflects that only one side of a leaf can collect water and that rainwater tends to bead on the leaf and does not typically wet the entire exposed leaf surface.
TRIGRS model
TRIGRS model was in a GIS context for computing transient response of pore-water pressure head corresponding to rainfall infiltration and consequent changes in the safety factor. It was based on Iverson and Richard's methods (Iverson 2000) . The existing regional model component was employed as the central action to compute a factor of safety value at each grid cell of an area map with a user-determined time step due to the precipitation event inputs. The depth (Z) used for computing slope stability in this study was limited to 8 m below ground surface, as most of the major slope failures in Hulu Kelang area are classified as shallow failures.
Transient vertical infiltration model of TRIGRS
TRIGRS used for modeling the spatiotemporal of landslides mostly triggered by heavy rainfall based on Baum et al. (2008) is adopted to simulate rainfall infiltration. Infiltration models for unsaturated flow as an option for estimating infiltration at the ground surface uses a transient component which assumes the infiltration process typically relies on one-dimensional, vertical flow (Savage et al. 2004; Salciarini et al. 2006; Godt et al. 2008) , with a temporal flux boundary condition and varying intensity and duration of rainfall events at the ground surface. The Richards equation is used to describe unsaturated vertical flow in response to infiltration water at the ground surface.
where t (s) is the time; Z (m) is the depth in vertical direction; w (m) is the pore-water pressure head; C(w) is the specific moisture capacity obtained by oh=ow, h is the volumetric water content; K(w) (m/s) is the pore pressure head dependent on hydraulic conductivity and saturated permeability in the Z direction; b (°) is the slope angle. Vertical transmission is, therefore, governed by both water flux and pressure diffusion. For quasi-saturated initial conditions, the gravity flux term can be neglected, yielding a pressure head diffusion equation in the form:
where D 0 is defined as the hydraulic diffusivity obtained by:
The hydraulic diffusivity is proportional to the speed at which a finite pressure pulse will propagate through the system (large values of D 0 lead to fast propagation of groundwater downward). The solution to Eq. (7), given a time-varying specified flux boundary condition (Iverson 2000) for relatively homogeneous hill slopes at the ground surface and an impermeable basal boundary at a finite depth, given by Savage et al. (2004) and performed in TRIGRS model (Baum et al. 2002) , is:
where w is the groundwater pressure head, t is the time,
where I Z is the long-term (steady state) surface flux in the Z direction, K Z is the saturated hydraulic conductivity in the Z direction, I nZ is the surface flux of a given intensity for the nth time interval, d lb is the vertical depth to the lower boundary, N is the total number of time intervals and H(t -t n ) is the heavy side step function. The function ierfc is equivalent to 1= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi p expðÀg 2 Þ À gerfcðgÞ; p where erfc(g) is the complementary error function. Iverson (2000) solution shows a particular case of the general solution (Eq. (7)), when d lb ? ? and surface flux is applied for a single time interval. Note that the physical limitation is imposed (Iverson 2000) for pwp calculated with Eq. (7) cannot exceed that which would result from having the groundwater at the slope surface and subject to the long-term hydraulic gradient, that is: w(Z, t) \ Zb.
Slope stability analysis model of TRIGRS model
In this study, an infinite slope model is adopted to compute the factor of safety (FS) for a large number of cells and large plans. The infinite-depth boundary formulation is based on the law of static friction for a rigid block in a slope plane. FS is defined by Eq. (8) (Iverson 2000) :
where / 0 is the soil friction angle for effective stress, c 0 is the soil cohesion, w is the pressure head, Z is depth, c s is the soil unit weight of depth averaged, b (°) is the slope angle, and c w is the groundwater unit weight.
Improved slope stability analysis TRIGRS model used a simple infinite slope stability method that does not consider plant cover effects on slope stability. Field studies of forested slopes indicate that grasses, legumes and small shrubs can have a significant reinforcing effect down to depths of 0.75-1.5 m. Trees have deeper seated effects and can enhance soil strength to a depth of 3 m or more depending upon the root morphology of the species (Yen 1972) . Therefore, factor of safety of slope is governed by root cohesion and tree surcharge at depth less than 4 m, while root cohesion is neglected at depth more than 4 m. The Eq. (9) was modified to introduce terms including root cohesion and tree surcharge:
where C r is the cohesion root, C 0 is the soil cohesion, and S r is tree surcharge. The surcharge from additional weight of vegetation on the soil is normally considered for trees only since the weights of most grasses and shrubs are minimal. In Eq. (9), tree surcharge was assumed to be distributed uniformly over the entire hill slope while the soil strength due to root cohesion was considered an isotropic reinforcement. However, in reality, no root system is completely isotropic and root morphology can vary greatly.
The improved model-integration of TRIGRS and plant cover effect methods According to Fig. 1 , the infiltration process of TRIGRS model in the improved method was integrated with the precipitation distribution method and rainfall interception approach, and the slope stability analysis of TRIGRS model was replaced with the improved analysis with the considerations of root coefficient and tree surcharge. The evaluation of slope failure susceptibility using the improved method consisted of two steps: pore-water pressure calculation, and factor of safety calculation. First, the spatial precipitation distribution method represents the case of increased rainfall in relation to height enhancement when the values of height and aspect coefficient change over space. The precipitation measurement points and the obtained non-stationary points of OLS method were then used as rainfall data maps. The rainfall results were obtained based on interception loss of precipitation estimated from LAI, which is the net amount of precipitation that reaches ground surface using data of two monsoon events and plant cover characteristics as input. Figure 3 presents the average and cumulative monthly rainfall measured during two monsoon seasons of 2008 and 2009 based on station points and GWR results near failure zones in the study area. The infiltration method calculated the corresponding changes in pressure head and consequent water table depth in the Hulu Kelang area during the two monsoons. Finally, the improved slope stability method calculated factor of safety based on the computed pressure head values, along with root coefficient and tree surcharge.
Background of the study area
The Hulu Kelang region in Malaysia is very susceptible to landslides (Mukhlisin et al. 2010 (Fig. 4) . From 1990 to 2011, a total of 28 major landslide incidents had been reported in this area. Soil investigation from previous studies revealed that the area rests on coarsegrained granite (Ali 2000) . Weathering of the granite produced sandy clay residual soil of approximately 15-30 m thick at areas of high elevation. The residual soil layer becomes thinner on the mid-course of slopes (Lee et al. 2009; Kassim et al. 2012) , followed by exposed granite at the low elevation areas. Landslide slip planes commonly develop in residual soil layers.
Digital terrain method (DTM)
High-resolution DTM is defined as orderly spaced grids of height amounts that are essential and major for zonal slope failure susceptibility analysis in this study. DTM value and the relationship of each cell's value to that of the surrounding cells can be used to derive useful information for each cell such as the aspect, slope, the direction of water flow, or for larger areas of cells such as viewsheds and watersheds. Department of Survey and Mapping Malaysia (JUPEM) provides digital terrain model (DTM) with a pixel size of 10 m by 10 m. In this study, high-resolution DTM is employed for analyzing rainfall-induced landslide.
Rainfall data
Based on information obtained from the Malaysian Meteorological Department (MMD), the temperature of the Hulu Kelang area is usually between 29 and 32°C with a mean relative humidity of 65-70 %. April and June represent the highest temperature months, while the relative humidity is lowest in June, July and September. The precipitation amount varies between 58 and 420 mm per month in the study area (MMD). There are two pronounced wet seasons from February to May and from September to December each year (Lee et al. 2014) . The peak of precipitation represents between March and May and also from November to December in the study area. The singleday precipitation high that had been recorded ranged from 87 to 100 mm. Hulu Kelang normally has more than 200 rainy days per year. Generally, there are 10 to 20 rainy days per month in the wet season, and 10 to 15 days per month in the dry season. The data used in this area are based on daily station data for the period 1990-2010 provided by MMD.
The rainfall interception loss was calculated based on the plant cover maps, and relationships between leaf area index (LAI) and gaps of leaves to ground. Plant cover maps of Hulu Kelang (see Fig. 5 ; Table 1 ) have been used as major data to determine LAI properties for each land class (Saadatkhah et al. 2015a ). In particular, Canopy interception method (Lawrence and Chase 2007) was employed in (Fig. 6) . The soil hydraulic and mechanical characteristics are collected from the Ministry of Agriculture and Agro-Based Industry of Malaysia (MOA), Majlis Perbandaran Ampang Jaya (MPAJ) and the Slope Engineering Branch of Public Works Department Malaysia (PWD), as well as data compiled from the previous reported studies and Geotechnical boreholes. In this regards, the matric suction versus volumetric water content was assigned to each of the zones based on van Genuchten equation, as shown in Fig. 7 . Material strength values were assumed to be spatially invariant and were determined with Table 2 . The properties of the soils are assigned to each cell of the grid map, through the creation of the ASCI grid files which, respectively, contain information about soil cohesion, friction angle, and total unit weight of soil, soil residual water content h r , soil saturated water content h s , unit weight of water, vertical saturation hydraulic conductivity and residual hydraulic conductivity of soil K s , K r (Table 2) .
Vegetation characteristics
The primary vegetation of Hulu Kelang consists of luxuriant rainforest. This must at one-time have covered the whole of this region, but with the development of the country, the forested areas have been reduced by mining, plantation crops and agriculture, not to mention building sites for industries and housing. The plant cover map in this study area was classified by Jabatan Ukur Dan Pemetaan Malaysia (JUPEM) using Anderson's classification system (Anderson and Burt 1978) . Under the classification system, nine different types of plant covers were identified, i.e., primary forest, secondary jungle, rubber, sundry tree cultivation, grass, cleared land, resort and recreation, urban area, and lake (Fig. 5) . Due to lack of comprehensive baseline data on the distribution of plant cover and tree roots to measure root cohesion prior to slope failure initiation, these data were estimated based on available data from previous studies. In 
Result and discussions
According the depth of critical slope stability states (FS = 1 or slightly less than 1), two scenarios resulting from the TRIGRS model an improved model are illustrated on the study area (Saadatkhah et al. 2015a ). First regime is represented as shallow slope failure events in depth lower than 4 m and the second condition is defined as sub-shallow slides that occurred deeper than shallow slope failure (8 m).
Hydrological effects of plant cover on the slope stability
In terms of hydrological circulation, rainfall interception is the part of rainfall that is intercepted by the earth's surface and subsequently evaporates. How much of the precipitation evaporates depends on plant cover characteristics, rainfall characteristics, and evaporative demand. For the study area, we found that canopy interception has a clear local trend ranging from 17 to 24 % of monthly average rainfall. Five types of plant cover were identified in this study based on rainfall interception loss: primary forest (24 %), secondary forest (23 %), rubber (19 %), sundry tree cultivation (23 %), and grassland (17 %) (Giardina et al. 2003; Beckschäfer et al. 2014) . Although the Lawrence and Chase (2007) is a conceptual model that cannot perfectly simulate the natural process of rainfall interception, the results it produces are reasonable to a certain extent when considering the high water storage capacity of a tree canopy or stem.
Rainfall infiltration analysis
Considering the 1 year of the modeled rainfall events along with the extreme rainfall events of more than 390 mm in the most intense 1 month of the two monsoons, the TRIGRS and improved models predicted moderate infiltration of less than 22 % of the total rainfall events. The absolute infiltrate of a certain event is only a function of the land cover, soil characteristics, and the absolute rainfall depth regardless of the intensity distribution. However, the main reason for the low infiltration is the fact that the residual soils with low permeability characteristics have already been covered most of the study area. The tropical residual soils have some unique characteristics related to their composition and the environment under which they developed. They are created in place from bedrock, by physical, chemical and biological weathering processes (Blight 1997) . Figures 8, 9 , 10 and 11 show enlarged views for scale reasons and readability of the calculation on the entire study area from the 1 April 2008 to 30 March 2009. Pore Water Pressures (PWP) was predicted at depths of 4 and 8 m in three steps, i.e., after the dry period, end of the SW monsoon, and the end of the NE monsoon. SW monsoon is a wet season typically characterized by medium intensity rainfalls, while the NE monsoon normally brings rainfalls of higher intensity to the study area. The pore-water pressures at 4 and 8 m were selected for in-depth investigations because of the frequent shallow and sub-shallow failures occurred in the study area.
The pore-water pressure map results showed that the negative pore-water pressure in soils changed to positive and continue to increase during rainfall. Both models followed three scenarios: (A) an enhancement from a positive value to a higher positive value (''excess pore water pressure''), (B) from negative to zero or a positive value (''loss of matric suction'') or (C) increasing but always remaining in negative value (''changes in suction''). At the end of the NE monsoon simulation, the average value of the pressure head was calculated to be 1.035 m using existing TRIGRS model and 0.906 m using the improved model at depth of 4 m (Figs. 8, 9) , and 3.141 m using existing TRIGRS model and 2.884 m using the improved model at depth of 8 m (Figs. 10, 11) . The results indicated that the plant cover precipitation interception had sufficient influence on the infiltration rate of water while the other parameters that could affect the pore water pressure were consistent for the both simulations. In this regard, the plant cover precipitation interception had little influence on infiltration at a depth of 4 m, while interception loss had greater influence on infiltration at a depth of 8 m.
Mechanical effects of plant cover on the slope stability
Tree strengthened soil stability offers increased soil cohesion through the mechanical resistance of roots in tension and root friction with soil particles. In light of the mechanical effects of plant covers on slope failure result, uniform values for root cohesion and tree surcharge were considered for every plant cover zone that had homogeneous cover properties. These values were spatially averaged values, but in reality, tree surcharge acts as a point load that is not uniformly distributed, and root cohesion decreases with depth. Since the mechanical effects can spatially vary depending on the position of a single tree, their relevant values should be selected carefully. In this study, the calculation results indicated that mechanical factors substantially affect slope stability, and the simulation results of the improved model were more reliable than TRIGRS model based on the comparison of results of historical landslide events (Fig. 12) .
Slope stability change
Figures 13, 14, 15 and 16 show a series of safety factor by TRIGRS and improved models over time. For both models, the results showed that FS continuously decreased over the entire area during the simulated time period. However, FS seemed to approach its minimum value only at the end of NE monsoon. It was thought that the high rainfall intensity and duration around that time period was enough to maximize the failure potential in each cell. In addition, results graphically indicate that the improved model generated higher FS values than that of the TRIGRS model.
Meanwhile, the improved model is capable of predicting the actual locations of the landslides, while the TRIGRS model evaluated slope stabilities that were too low, i.e., FSs over wide areas. It is known that TRIGRS tends to overestimate landslide susceptibility in a region. In particular, for a selected group of simulated cells, the improved model simulated 18 cells (5.59 %) at shallow depth (i.e., 4 m) which had FS values of less than unity while TRIGRS simulated 53 cells (16.46 %). For depth of 8 m, 56 cells (17.39 %) were predicted from the improved model while 121 cells (37.58 %) from the TRIGRS model (Table 3) . The factor of safety maps showed that infiltration flux (|q|/ks) did not induce shallow failures in the first monsoon, while most of the shallow and sub-shallow failures were triggered by intense rainfall during the second monsoon (Figs. 13, 14, 15, 16) . At the end of the NE monsoon simulation, about 3.250 % of the total simulated cells at depth of 4 m exhibited FS values lower than unity for TRIGRS model, while 0.507 % was obtained from the improved model (Figs. 13, 14) . At 8 m depth, 6.35 and 0.904 % were obtained from TRIGRS model and the improved model, respectively (Figs. 15, 16 ). The results indicated that, with the consideration of plant cover effects, the improved model resulted in fewer landslide susceptible areas, which was more representative of the actual stability conditions of the slopes at the study area. The consequences simulated by the improved TRIGRS model captured slope failure susceptibility regions well compared to the results given by existing TRIGRS.
Landslide occurrences as a response to plant cover change
Slope gradient and slope curvature are the main topographic factors that create susceptibility to landslides. Steeper gradients are generally more prone to landslides although other factors, i.e., plant cover changed, soil properties, and climatic factors also make gentler slopes susceptible to failure. Plant cover is an important extrinsic factor controlling the hydrological and mechanical responses of a slope to rainfall. It is believed that dense vegetation/canopies covering tropical mountains could act as a buffer to limit rainwater infiltration into soil slopes by evapotranspiration from the canopies (interception loss) and, to a lesser extent, absorption by plants (Rutter et al. 1971 (Rutter et al. , 1975 . In terms of mechanical effects, roots reinforce slopes by three mechanisms: anchoring, lateral support by crossing zones of weakness, and acting as long fibrous binders within a weak soil mass. The intermingle roots of forest areas tend to bind the soil together in a monolithic mass. On slopes, the vertical root system (i.e., the main taproot and secondary sinker roots) can penetrate through the soil mantle into strata below (e.g., fractured or Original model (8m) Fig. 12 Cumulative distributions of FS simulated by TRIGRS (original) and the improved model disintegrated bedrock), thus anchoring the soil to the slope and increasing resistance to sliding. According to change forest to agricultural area, the shear resistance of rooted soil in the potential shear zone will decrease to one-third of that in the uncut forest, and the probability of slope failure will increase. The results of using improved model showed that critical slope failures were mainly scattered on rubber and grassland areas, progressive forest clearing areas, and areas under development. Forest conversion to the weaker-rooted rubber plantations is responsible for a higher level of slope instability in the study area (Figs. 17, 18) . In this regard, landslide occurrence as a response to plant cover change showed that fatal slope failures and debris flows were caused by a combination of prolonged rainfall, destruction of natural plant cover (human-caused), conversion to rubber plantation and grassland in the study area.
Reliability of the landslide susceptibility maps
One of the main objectives of this study was to evaluate the spatial predictability of landslide events in Hulu Kelang area using the landslide susceptibility maps produced from the TRIGRS and improved TRIGRS models. The reliability of the landslide prediction model was typically evaluated by comparing locations of actual landslides with the predicted results. Therefore, the landslide ratio of each predicted FS class was employed for evaluating the performance of the landslide model. Landslide ratio for each predicted FS class (LRclass) was based on the ratio of landslide sites contained in each FS class in relation to the total number of actual landslide sites, according to the predicted percentage of area in each FS class category can be defined as Eq. (10):
LRclass ¼ % of contained landslide sites in each FS class % of predicted landslide sites in each FS class ð10Þ
Note that in the numerator, the number cells of slope failure sites, instead of the number of slope failure sites, are used. The performance value derived by LRclass enables consideration of predicted stable areas as well as predicted unstable areas, and thus substantially reduces the overprediction of slope failure potential. Unlike the numerator, the number of predicted and total cells is used in the denominator. The numerator, also, is the same as the Success Ratio (SR) index.
Figures 19 and 20 show the plotting of LRclass versus FS for both the TRIGRS and the improved models at depths of 4 and 8 m, respectively. Apparently, the improved model consistently yielded higher LRclass than TRIGRS. For instance, for slip plane at 8 m depth (Fig. 20) , the LRclass obtained from the improved model at FS of B1.2 was 87.71 %, while the TRIGRS model was only 76 %. The results indicated that there was 87.71 % of chance that the predicted unstable areas by the improved model would have landslide occurrence, compared to that of only 76 % from TRIGRS model. The LRclass for different ranges of FS is tabulated in Table 3 . For shallow failures (slip plane at 4 m), the chances of landslide occurrence were high when FS B 1.3, while for sub-shallow failures (slip plane at 8 m), most of the landslides occurred when FS B 1.2.
Confusion matrices were performed for the unified indirect susceptibility maps in this study. In the plot, incorrect predictions are: False positives (FP) show the proportion of the area predicted as landslide prone where no landslides were observed, and False Negatives (FN) show areas where no landslides were predicted in the model but were observed in reality. Table 4 shows the results of false negatives and false positives with respect to landslide assessment were significantly different. The improved TRIGRS model has a lower error at depth 4 and 8 m than the existing TRIGRS model (Table 4 ). The TRIGRS model provided an over predicting results, however, it captured all the occurred landslides. In contrast, the improved TRIGRS model was much less conservative, and predicted fewer unstable cells. It was more representative of the actual stability conditions of the slopes at the study area.
Conclusion
This paper provides the development of spatial temporal regional modelling of local rainfall pattern effect on the plant-covered slopes in Hulu Kelang area, Kuala Lumpur, Malaysia. The most effective use of this model is to select a critical area with classified soil profiles and to run the model with varying plant cover properties against predicted rainfall events. In this regards, landslide occurrence as a response to plant cover change showed that fatal slope failures and debris flows were caused by a combination of extreme rainfall, destruction of natural forest cover (human-caused), and conversion to grasslands and rubber plantations in thin, residual granitic soils in the study area.
The results of pore pressure head and factor of safety in the study area indicate that the effects of plant covers as triggering slope failures during two monsoons can be largely attributed to their hydrological functions more than their mechanical function. Because, the magnitudes of the hydrological effects are temporal on shallow slope failure development during monsoon is temporal while the mechanical effects are essentially constant. Consequently, with the consideration of plant cover effects, the improved model resulted in less landslide susceptible areas, which was more representative of the actual stability conditions of the slopes at the study area. 
